deserts, ferromanganese nodules and crusts in pelagic environments, crusts around deep-sea vents, and cave deposits (Krinsley, Dorn, & Digregorio, 2009; Mandernack, Fogel, Tebo, & Usui, 1995) . Their precipitation may proceed via direct abiotic oxidation or through the indirect or direct activity of Mn(II)-oxidizing micro-organisms, which to date include both bacteria and fungi (Andeer, Learman, Mcilvin, Dunn, & Hansel, 2015; Hansel, Zeiner, Santelli, & Webb, 2012; Learman, Voelker, Madden, & Hansel, 2013; Learman, Voelker, Vazquez-Rodriguez, & Hansel, 2011; Learman, Wankel, et al., 2011; Mandernack et al., 1995; Santelli, Webb, Dohnalkova, & Hansel, 2011; Tang, Zeiner, Santelli, & Hansel, 2013; Tebo, Johnson, Mccarthy, & Templeton, 2005; Tebo et al., 2004; Zeiner, 2015) . Based on presumed reaction kinetics, Mn(II) oxidation on Earth is believed to be mediated primarily by microbial activity, but elucidating operative reaction pathways and the contribution of coupled and parallel biotic and abiotic reactions is complex and has remained elusive .
Additionally, there is no direct evidence that Mn(II) oxidation imparts any metabolic benefit, and the physiological basis for biological Mn(II) oxidation still remains unclear. Further, despite observations of Mn (II) oxidation in suboxic environments, all presently known Mn(II) oxidation pathways rely on the presence of oxygen or other strong oxidants (i.e., reactive oxygen species, ROS) (Clement, Luther, & Tebo, 2009) . (Lanza et al., 2014 (Lanza et al., , 2015 (Lanza et al., , 2016 Maurice et al., 2016) . Given that the evolution of oxygenic photosynthesis preceded the rise of atmospheric oxygen and the widespread occurrence of Mn(III/IV) oxides in the rock record on Earth, the presence of oxidized Mn on the surface of Mars highlights a significant knowledge gap in our understanding of how such oxidizing conditions may arise (Johnson, Webb, Ma, & Fischer, 2016; Lanza et al., 2014 Lanza et al., , 2015 Lanza et al., , 2016 Maurice et al., 2016) . Thus, a more nuanced understanding of the cycling of Mn in suboxic and anoxic environments on Earth may provide more perspective for understanding the nature of Mn oxidation on Mars.
While decades of studies have closely examined the oxygen isotope composition of mineral phases including carbonates, sulfates, phosphates, and other oxides, very few studies have investigated the systematics of oxygen isotope compositions in Mn(III/IV) oxides (Hoefs, 2008) . Mandernack et al. (1995) showed that different Mn (II) oxidation pathways may impart a pathway-dependent oxygen isotope effect on the precursor oxygen atoms during incorporation into Mn(III/IV) oxide minerals (Mandernack et al., 1995) . This study also revealed that biologically catalyzed Mn oxides derive more than 50% of their oxygen atoms from dissolved oxygen (Mandernack et al., 1995) . This is in contrast to other low-temperature minerals such as iron oxides, carbonates, and phosphates that tend to readily achieve oxygen isotope equilibrium with the water in which they form (Bao & Koch, 1999; Bao, Koch, & Thiemens, 2000) . Additionally, evidence suggests that Mn(III/IV) oxides, unlike many other low-temperature minerals, are resistant to oxygen exchange with water under Earth surface conditions, thereby preserving their fidelity as records of oxidation pathways, environmental conditions, and the isotopic composition of precursor molecules (Mandernack et al., 1995) .
In the more than two decades since Mandernack et al. (1995) published their findings, significant strides have been made toward understanding the environmental and biological conditions that lead to Mn(II) oxidation. Unlike other redox-active transition metals such as iron (Fe), Mn(II) oxidation via a one-electron transfer with molecular oxygen is thermodynamically prohibited at circumneutral pH in the absence of (in)organic catalysts (Luther, 2010; Tebo et al., 2005) .
Three general pathways exist for the oxidation of soluble Mn(II) to insoluble Mn(III/IV) oxide minerals at circumneutral pH. First, Mn(II) can be oxidized by molecular oxygen (O 2 ) when complexed to mineral surfaces or organic ligands (Duckworth & Sposito, 2005; Madden & Hochella, 2005) . Second, some bacteria and fungi directly catalyze oxidation with outer-membrane or secreted enzymes such as multicopper oxidases (MCO) that produce extracellular Mn(III/ IV) oxides (Zeiner, 2015) . Third, the oxidation of Mn(II) to Mn(III/IV) oxides can also occur via reaction with the ROS superoxide (O ⋅− 2 ) of abiotic or biotic origin (Hansel et al., 2012; Learman, Voelker, et al., 2011; Learman et al., 2013; Tang et al., 2013) . Extracellular superoxide production, which is ubiquitous in multicellular organisms (including fungi), is also widespread throughout the bacterial domain (Aguirre, Rios-Momberg, Hewitt, & Hansberg, 2005; Diaz et al., 2013) . Superoxide is also formed abiotically through various (photo) reactions with metals, mineral particles, and dissolved organic matter and under anoxic conditions through photolysis of H 2 O (Gournis, Karakassides, & Petridis, 2002; Hoigné, Faust, Haag, Scully, & Zepp, 1989; Nico, Anastasio, & Zasoski, 2002) .
Recent insights into the nature of Mn(II) oxidation under surface Earth conditions give us a much more comprehensive framework to revisit the questions posed by Mandernack et al. (1995) . In this study, we explore the oxygen isotope systematics of several direct and indirect biotic Mn(II) oxidation pathways and one abiotic pathway. Using a combination of open-system and closed-system Mn(II) oxidation experiments, we build on previous studies to determine the source oxygen atoms in Mn oxides and the fractionation factors expressed with respect to incorporation of each of these oxygen sources. We examine whether these fractionation factors may be diagnostic of each unique oxidation pathway or set of oxidation pathways that share similar 
| MATERIAL S AND ME THODS

| Approach
While many well-characterized oxygen isotope systems in oxygenbearing minerals focus on water oxygen equilibration, previous work tells us that Mn oxides derive oxygen atoms from multiple sources which include molecular oxygen (or oxygen derivatives including ROS) and water (Mandernack et al., 1995) . Rayleigh distillation experiments (Mandernack et al., 1995) .
| Preparation of biotic and abiotic oxide samples
We investigated the oxygen isotope systematics of Mn oxides from six Mn(II)-oxidizing microbes including three bacteria and three fungi. Bacterial strains include two marine Alphaproteobacteria, Roseobacter sp. AzwK-3b and Erythrobacter sp. SD-21, isolated from a coastal estuary (Hansel & Francis, 2006) and coastal sediment (Tebo, Clement, & Dick, 2007) , respectively, and dormant spores from a gram-positive bacillus, Bacillus sp. strain SG-1, isolated from coastal sediment (Murray & Tebo, 2007) . Mn(II)-oxidizing fungi in this study include three filamentous Ascomycete fungi: Pyrenochaeta sp.
DS3sAY3a, Stagonospora sp. SRC11sM3a (both of which were isolated from passive limestone beds treating coal mine drainage in the Appalachian Mountains), and Paraconiothyrium sporulosum AP3s5-JAC2a (isolated from a freshwater pond) (Estes, Andeer, Nordlund, Wankel, & Hansel, 2016; Santelli et al., 2011; Tang et al., 2013; Zeiner, 2015) .
All Mn(II)-oxidizing microbes were cultured using growth media
shown to facilitate Mn(II) oxidation in previous studies (Estes et al., 2016; Murray & Tebo, 2007) . All biogenic oxides produced in this study, save those from Bacillus sp. SG-1, were precipitated in cell-free media filtrate with starting Mn(II) concentrations ranging from 100 μm to 250 μm (see Appendix S1 for a more thorough description of culturing and oxide collection details). Roseobacter and Erythrobacter produce Mn(III/IV) oxides via activity of extracellular animal heme peroxidase (AHP) (Andeer et al., 2015) . AHP produced by Roseobacter has been well characterized and shown to oxidize Mn(II) through superoxide production (Andeer et al., 2015; Learman, Voelker, et al., 2011) . Oxides formed via AHP-derived O ⋅− 2 using similar methods have been shown to yield hexagonal birnessite colloids, which over the course of several days undergo partial transformation to triclinic birnessite particles (Learman, Wankel, et al., 2011) . The AHP from
Erythrobacter has been implicated in direct Mn(II) oxidation; however, addition of 50 μm SOD to protein extracts led to a 20% decrease in
Mn oxidation activity (Andeer et al., 2015; Learman, Voelker, et al., 2011; Learman, Wankel, et al., 2011; Learman et al., 2013; Nakama et al., 2014 (Estes et al., 2016) .
We also investigated oxides produced by three fungal strains, Pyrenochaeta, Stagonospora, and Paraconiothyrium sporulosum. While previous work is extremely helpful in identifying the length of time from inoculation to the secretion of Mn(II)-oxidizing enzymes, we found that the timing of this enzyme secretion can vary by up to several days (Zeiner, 2015) . In this study, cultures of Pyrenochaeta, Stagonospora, and Paraconiothyrium sporulosum were grown for 25, 9, and 15 days, respectively. Each culture was harvested within 24 hr of observing widespread formation of oxide particles away from the fungal colonies. The mineral identity of oxides grown from Pyrenochaeta and Stagonospora using similar liquid media conditions has been shown to be poorly crystalline hexagonal birnessite (Santelli et al., 2011) .
Manganese oxidation by Bacillus spores is one of two reactions included in this study meant to provide a common thread between this work and that of Mandernack et al. (1995) (Mandernack et al., 1995) . Bacillus cells were grown and spores were collected and purified using similar methods presented in Rosson and Nealson (1982) with modifications made by Murray and Tebo (2007) to remove any preformed Mn oxides formed in culture (Murray & Tebo, 2007; Rosson & Nealson, 1982) . Previous studies show that oxides formed using these methods are a poorly crystalline hexagonal phyllomanganate (presumably birnessite) (Murray & Tebo, 2007) . To minimize any O atom contribution from the more substantial organic matter content within the spore-precipitated Mn oxides, we used a more involved chemical treatment. Oxides from Bacillus were washed in the same manner as described for other bacterial oxides, followed by a 12-hr treatment in 2.5% hypochlorite solution (at 4°C), and three additional washes with ultrapure water before being frozen at −20°C.
To provide a second common thread between our study and that presented in Mandernack et al. (1995) , we synthesized abiotic
Mn oxide under alkaline conditions using similar methods presented in their study. Equal volumes of 6 m NaOH and 0.5 m MnCl 2 were sparged for 30 min with laboratory air and combined in a single vessel while being vigorously stirred. The mixture was sparged with laboratory air for several hours in an ice bath, at which point the oxides were collected and washed 10 times with 200 ml of ultrapure water. This oxide synthesis method has been shown to yield a 10-Å birnessite-like structure that collapses irreversibly to 7-Å spacing upon drying, typically referred to as buserite (Mandernack et al., 1995; Post, 1999) .
| Closed-system Mn oxidation
Closed-system Rayleigh oxidation experiments, for the determination of kinetic isotope effects during incorporation of O atoms from dissolved oxygen (see below), were prepared using the same media and solutions described in the synthesis section above with slight modification. Prior to the filtration step, each oxidizing solution was sparged with filtered room air through a glass frit for 30 min to ensure dissolved O 2 was at saturation. Following filtration, oxidizing solutions were aseptically transferred to 160-ml serum vials and crimp-sealed (using gray butyl septa) with no headspace. Typical analyses included 8-10 individual vials. Addition of 1 m MnCl 2 was conducted by syringe to achieve final concentrations between 0 μm and 500 μm Mn(II). Serum vials were incubated at room temperature on an orbital shaker at 120 rpm for 1-4 days before oxygen isotope analysis of the remaining dissolved O 2 pool.
| Oxygen isotope analysis of Mn oxides
Oxide samples were lyophilized and weighed into silver boats with ~1 mg of preconditioned carbon black to catalyze hightemperature conversion to CO. All δ 18 O MnOx measurements were collected with an IsoPrime100 continuous-flow isotope ratio mass spectrometer (IRMS) coupled to an Elementar pyro-CUBE elemental analyzer configured for pyrolysis at 1,450°C.
Typical precision achieved for Mn oxides is ±0.4‰. This method produced acceptable oxygen yields, which ranged from 31.9 to 38.5 weight percent (compare to 36.8% for MnO 2 ; see Table S1 ). 
| Oxygen isotope analysis of dissolved oxygen
All O 2 samples from closed-system Rayleigh distillation experiments were measured using an IsoPrime100 IRMS modified with a manual gas injection port upstream of a packed 2-m molecular sieve (5 Å)
gas chromatography column (1/16″ OD) for separation of O 2 and N 2 peaks prior to introduction into the IRMS. A 2-m Nafion dryer with a dry helium-purged jacket was used just after the injection port to remove water vapor in the sample. Prior to analysis, 5 ml of ultrahighpurity helium was introduced to each sample vial and equilibrated on its side for a minimum of 30 min on an orbital shaker (120 rpm vs. ln(C/C o )) to avoid confusion.
| X-ray absorption spectroscopy
Mn oxides were analyzed by X-ray absorption near-edge structure Silicon (PIPS) detector. All XANES spectra collected as part of this
study were averaged over 2-4 scans and background-subtracted using the SIXPack software package (Webb, 2005) . The average oxidation state was calculated using linear least-squares fitting of Mn reference spectra with each relevant whole-number oxidation state:
MnCl 2 , feitknechtite (β-MnOOH), and δ-MnO 2 for Mn(II), Mn(III),
and Mn(IV), respectively (Learman, Wankel, et al., 2011) . We note that due to structural influences on the Mn XANES white line, linear combination fitting provides only an estimate of the average Mn oxidation state. Previous investigations have defined the 1σ error estimates to be 1.7%, 2.6%, and 2.9% for Mn(II), Mn(III), and Mn(IV), respectively (Bargar, Webb, & Tebo, 2005) .
| RE SULTS
| Manganese oxidation assay for Erythrobacter sp. SD-21
The enzymes involved in each oxidation pathway as described above are provided in Table 1 with the addition of 50 kU SOD to 100 ml Erythrobacter filtrate amended with 100 μm Mn(II) (Figure 1 ). This evidence indicates that Mn(II) oxidation by Erythrobacter cell-free filtrate is performed by AHP-derived superoxide and not direct enzymatic oxidation under these conditions.
| XANES analysis
The average oxidation state of these samples ranged from 3.5 to 3.9 ( 
| Oxygen isotope analysis of Mn(III/IV) oxides
Values for X H 2 O , ε MnOx−H 2 O, and ε MnOx−O 2 for the seven Mn(III/IV) oxides of biotic and abiotic origin indicate a number of key features (Table 2) . First, the isotope effect associated with O atom incorporation is very large with respect to O 2 , while rather small, on the order of a few permil, with respect to water. Second, the fraction of Mn oxide-associated oxygen that derived from water ranged from 38.4% to 61.6%, with lower values associating with oxides produced by AHP activity (Table 1) .
These seven oxidation reactions appeared to reflect two distinct behaviors with respect to ε MnOx−O 2 arising from either direct oxidation or indirect oxidation via ROS ( Roseobacter and Erythrobacter produced oxygen isotope fractionation results that are similar to each other, but notably distinct from the other biotic and abiotic oxidation patterns (Table 1) 
| D ISCUSS I ON
Our results reflect a range of oxygen isotope fractionation values that appear to be explained in large part by known or putative oxidation pathways. Here, we explore the relationships and underlying mechanisms that result in the observed oxygen isotope systematics in these seven Mn(II)-oxidizing reactions, focusing on the behavior of dissolved oxygen, water oxygen, and Mn oxidation state as it relates to each system. Finally, we discuss the broader implications of these findings and its potential application to natural Mn(III/IV) oxide sample. This exchange will produce molecular orbital geometry that is readily accessible to electron transfer with O 2 , and oxidation of Mn(II)
is rapid (Luther, 2005) . While there are very few natural environments to which we might reasonably compare the extreme alkalinity of these reaction conditions, this reaction does serve as a likely kinetic end-member of the most extreme fractionation that might be expected. Another possible explanation for this elevated ε MnOx−O 2 (and the high variability in Figure 3e ) may be mixed-phase (solid and aqueous) oxidation. Mn(II), upon being added to a NaOH solution, Under the conditions employed here, the cell-free filtrate of both Alphaproteobacteria oxidizes Mn(II) through indirect AHP activity.
In the case of Roseobacter, it has been demonstrated that AHP ac-
, which serves as the oxidant for Mn(II) (Andeer et al., 2015; Learman, Voelker, et al., 2011; Learman, Wankel, et al., 2011) . A previous study proposed that extracellular AHP from
Erythrobacter may oxidize Mn(II) by a twofold mechanism including direct enzymatic oxidation and O ⋅− 2 production (Nakama et al., 2014) .
Under the conditions we used here, however, the sole oxidation and H 2 O 2 production rate, the presence of templating molecules, light, media chemistry, mineral colloid characteristics, and others (Learman, Voelker, et al., 2011; Learman, Wankel, et al., 2011; Learman et al., 2013) . pathway, including electron transfer between Mn(II) and the oxidant and Mn(III) disproportionation into Mn(II) and Mn(IV) (Figure 7) .
Additionally, surface-catalyzed oxidation and comproportionation may also play a role in these systems (Hem, 1981) (Bopp, Heinzinger, & Vogel, 1974; Driesner, Ha, & Seward, 2000) . Our finding suggests that oxygen atoms incorporated into Mn(III/IV) oxides from water have a similar isotopic composition as the water in which it formed.
The previous report of 32% and 40% for the fraction of oxygen deriving from O 2 for chemical precipitation (high pH) and Bacillus spores, respectively (Mandernack et al., 1995) , compares reasonably well with our 42% and 38% for the same two mechanisms, respec- 
| Assessment of oxygen isotope equilibrium
Oxygen-bearing mineral phases widely precipitate with isotopic compositions closely related to isotopic equilibrium with ambient water (e.g., Bao & Koch, 1999; Bao et al., 2000; Hoefs, 2009 ). In contrast, our results confirm that this is not the case for Mn oxides.
Specifically, the fact that X H 2 O does not equal 1 in any of the seven Mn(II)-oxidizing systems explored in this study confirms that Mn(III/ IV) oxides do not precipitate in oxygen isotope equilibrium with water. The remaining oxygen must be derived from another source, namely O 2 . Nevertheless, we need to consider the extent to which the values measured and calculated in this study are influenced by isotope equilibrium exchange. Zheng used a semi-theoretical technique for calculating the reduced partition function of metal oxides and hydroxides by indexing mineral lattice parameters to those of a known mineral (Zheng, 1991 (Zheng, , 1998 . Included in these calculations were the Mn (hydr)oxides pyrolusite (MnO 2 ) and pyrochroite (Mn(OH) 2 ). While these minerals cannot be considered substitutes for the phyllomanganates synthesized in our study, they can provide a close analogy to the Mn(IV)-O and Mn(II)-OH bonding environment in the biogenic and abiotic Mn(III/IV) oxide synthesis. The calculated values for 1,000 ln α mineral-water (which is approximately equal to ε) for pyrolusite (MnO 2 ) and pyrochroite (Mn(OH) 2 ) at 298 K are 9.5‰ and 7.9‰, respectively, with 18 O favoring the mineral phase in both cases (Zheng, 1991 (Zheng, , 1998 
| Extension to the environment
The results of these combined open-and closed-system experiments provide a framework within which oxygen isotope measurements can be interpreted, given full consideration of the known complexity and limitations of δ 18 O MnOx . First, to determine ε MnOx−O 2 from a natural sample, some independent constraint must be placed on the δ 18 O H 2 O in which the oxide formed. Second, the tendency of natural samples to coprecipitate with iron oxides and adsorb a wide range of dissolved and particulate species also means that purification or high spatial resolution of natural samples is essential.
Third, the equilibration of oxygen atoms in Mn(III/IV) oxides with environmental water over geologic timescales requires further evaluation. Mandernack et al. (1995) arising from changes in deep-ocean oxygen saturation could be attributed to local or global biogeochemical events impacting marine production, respiration, and deep-ocean ventilation. As such, future research will target the characterization and isotopic analysis of ferromanganese crusts.
| SUMMARY/CON CLUS ION
We employed a two-pronged isotopic approach to constrain the oxygen source and fractionation factors associated with oxygen incorporation into Mn(III/IV) oxides. This approach combined measurements of the product oxide and the residual oxidant pool to fully constrain the oxygen isotope mass balance of Mn oxide production.
With these techniques, we investigated the oxygen isotope behavior of six previously characterized micro-organisms, including both bacteria and fungi that oxidize Mn(II) through either direct enzymatic activity or enzymatic production of ROS, and one abiotic oxidation pathway that has been previously characterized. 
